We examined the effectiveness of cocopeat and rice hull powder obtained from agricultural wastes as biocarriers for an oil-degrading bacterial consortium. Scanning electron microscopy revealed colonization and strong attachment of bacterial cells on the surface of both carriers. Results of a 60-day in vitro seawater bioremediation trial showed significant oil reduction and high cultivable bacterial counts in treatments augmented with the carrier-attached bacterial consortia compared to treatments supplemented with the same consortium in free living and encapsulated forms. Significant degradations in both aliphatic and aromatic fractions were obtained in treatments augmented with carrier-immobilized consortia. The developed immobilized cells showed sustained activities and viabilities during storage for six months. Results of this study demonstrated that inexpensive waste materials can be utilized as biocarriers of an oil-degrading consortium and that immobilization on biocarriers can enhance the bioremediation of oil-contaminated seawater.
INTRODUCTION
Oil contamination of marine waters is a continual and almost chronic ecological problem worldwide especially in highly industrialized areas. Although oil contaminants are weathered by photooxidation and evaporation, complete degradation relies on the metabolic activities of the microbial population inherent to the area Harayama et al., 1999 . Thus, bioremediation techniques involve manipulation of conditions such as addi-The general aim of this study was to develop an effective immobilized oil-degrading bacterial consortium that could be applied as ready-to-use seeds for various bioremediation needs. To attain this goal, the specific objectives of this study were to determine: 1 the suitability of the coconut peat and rice hull powder as biocarriers, 2 the hydrocarbon-degrading efficiencies of the developed immobilized cells compared to the free-living and sodium alginate-encapsulated forms Karamalidis et al., 2010; Larsen et al., 2009; Rahman et al., 2006 as another mode of bacterial immobilization, and 3 the storage stability of the developed immobilized cells at different temperatures.
MATERIALS AND METHODS

Preparation of the oil-degrading consortium
The bacterial strains were isolated from bunker oilcontaminated coastal sediments of Taklong Island, Guimaras, Philippines Nuñal et al., in press . Four strains were selected to comprise the consortium based on their ability to grow in Bushnell-Haas Mineral Salts BHMS medium supplemented with different hydrocarbons as the carbon source. The list of strains, their phylogeny and hydrocarbon-utilizing properties are shown in Table 1 .
The selected strains were sub-cultured separately in the Zobell 2216E broth and grown for 24 h. After incubation, the cells were harvested, washed with 75% sterile natural seawater, and resuspended in 0.8% NaCl solution. Equal volumes of the suspension containing the different bacterial strains were mixed to form the consortium.
Preparation of the biocarrier-attached immobilized consortium
Raw materials for the production of cocopeat CP and rice hull RH powder were obtained from local industries in the Philippines. Both types of powder were derived by mechanically grinding the dried coir middle fibrous coat to produce CP and whole rice hulls to produce RH powder. The ground powder was sieved to obtain a homogenous particle size of approximately 1 mm. About 0.3 g of the powder was dispensed in vials and sterilized by autoclaving at 120˚C, 2 atm for 15 min and kept at room temperature until use.
About 0.3 g of the sterilized CP and RH powder was aseptically transferred into 100 mL of the Zobell 2216E broth in separate 250 mL Erlenmeyer flasks. One milliliter of the bacterial consortium was inoculated into the CP-and RH powder-containing broths. After four days of incubation, the powder was harvested, washed by sterile 75% natural seawater, and air-dried. growth and metabolic activities. Addition of nutrients is not effective all the time because such supplements are transported by water currents and constant tidal action away from the location of the oil contamination Nikolopoulou and Kalogerakis, 2009 . An alternative approach is to add allochthonous microorganisms to supplement the indigenous populations. Bacterial strains or consortia are usually added in liquid culture. However, the degrading activities of the added bacterial cells are hampered by their limited contact with the oil as these free-living cells often disperse into the water column and are not confined to the location of the spilled oil. Furthermore, the supplemented cells in some cases do not survive due to competition with the native microbial populations which are more adapted to the drastic changes in environmental conditions Alexander, 1999; Kauppi et al., 2011 . To improve the survival and retention of the bioaugmentation agents in the site of the spill, bacterial cells are added as immobilized cultures. Immobilized cells have been extensively used in the production of useful chemicals, treatment of wastewaters and bioremediation of pollution due to their longer operating lifetime and the enhanced stability and survival of the cells Cassidy et al., 1996 . In cold climates, the immobilization matrix may also act as a bulking agent in contaminated soils where freezing and increased viscosity may block oxygen, water and nutrient transfer Podorozhko et al., 2008 . A number of bioaugmentation agents are already commercially available but have no strong scientific evidence demonstrating their effectiveness Simon et al., 2004; Zhu et al., 2004 . On the other hand, scientific studies evaluating the potential of sawdust, Styrofoam and wheat bran Obuekwe and Al-Muttawa, 2001 ; chitin and chitosan Gentili et al., 2006 ; peanut hull Xu and Lu, 2010 ; and zeolite and activated carbon Liang et al., 2009 showed improved oil biodegradation by increasing and sustaining a high number of oil-degraders. However, preparation of some of these materials requires the use of chemicals and sophisticated technology.
In this study, we present the use of cocopeat coconut peat CP and rice hull powder RH as biocarriers of a hydrocarbon-degrading bacterial consortium. Cocopeat is a powdery material that comes from ground coconut husks while RH is a by-product of rice milling. These agro-industrial wastes are good candidates for biocarriers because of their abundance, cost-effectiveness and biodegradable nature. Crude preparation of these materials for bioaugmentation purposes was accomplished by a two-step procedure of grinding and sieving, hence eliminating additional costs and possible waste by-products. acetate, 1:1, for 10 min , and 99% 3-methybutyl acetate 3 x 10 min with gentle periodic agitation. Critical point drying was performed with an HCP-2 dryer Hitachi High-Tech, Tokyo, Japan . The fixation and dehydration steps were omitted for carriers without the bacteria. All the samples were sputter-coated with the ion sputter E-1020 Hitachi High-Tech, Tokyo, Japan and observed by using the scanning electron microscope S-4000 Hitachi High-Tech, Tokyo, Japan .
in vitro seawater bioremediation
Efficiency of heavy oil bioremediation by the developed immobilized cells was determined in seawater microcosm trials. Seawater samples were collected from Ise Bay, Mie Prefecture, Japan. Six 250-mL Erlenmeyer flasks containing 150 mL of seawater and 0.75 mL of heavy oil were prepared for each treatment representing three replicates for each sampling period. The different treatments and the contents of each representative flask are shown in Table 2 . The flasks were incubated at 26˚C, covered with perforated rubber caps and shaken twice a day to provide aeration. At the end of 30-and 60-day incubation, three flasks for each treatment were sampled for residual oil content and
Preparation of the encapsulated bacterial consortium
Immobilization of the bacterial cells in sodium alginate gel was done using the method described by Rahman et al. 2006 . Briefly, the bacterial strains/consortium after 24 h culture approximately 10 9 CFU mL -1 was harvested by centrifugation 15,000 x g, 10 min , rinsed three times with sterile saline, and resuspended in 150 mL of 3% sodium alginate. The suspension was stirred and the resulting alginate/cell mixture was dripped into ice-cooled, sterile 0.2 M CaCl 2 , which generated beads of approximately 2 mm in diameter. The beads were then hardened in fresh CaCl 2 for 2 h.
Scanning electron microscopy
Samples for scanning electron microscopy SEM were prepared as described by Nakano et al. 2008 . Briefly, the immobilized cells and sterile biocarriers were placed in a 0.05 µm Nuclepore filter Whatman, Kent, UK . The filter was rinsed with 0.1 M phosphate buffer solution pH 7.4 . The cells were then subjected to dehydration using a series of graded ethanol solution 60 to 90%, 2 x 15 min; then 99%, 3 x 20 min and a mixed solution ethanol and 99% 3-methylbutyl .
Data analysis
Significant differences in the data from the in vitro oil degradation tests were analyzed by one-way ANOVA followed by Duncan s multiple range test DMRT using the statistical program Statistical Package for Social Sciences SPSS version 19.0. Figure 1 shows the scanning electron microscopic images of cocopeat CP and rice hull RH powder with and without the attached bacterial consortium. Results revealed that CP is characterized by pores and crevices while RH powder contains a flat surface, both of which are suitable for bacterial adherence. High microbial colonization on the surfaces of the biocarriers were observed when the consortium and carriers were incubated for 96 h. Monolayer cell adherence was seen in both biocarriers but a more compact aggregate of cells forming a biofilm was observed in the CP powder especially in crevices that accommodated more bacterial cells than the RH powder.
RESULTS
Bacterial attachment on biocarriers
Oil degrading efficiency of the immobilized consortium
The highest amount of oil degradation was found in the treatments involving the two types of biocarrierimmobilized cells after 30 days of the seawater bioremediation trial Fig. 2 . The CP and RH treatments showed significantly higher oil reduction p<0.05 of 59.8% and 55.7%, respectively. Differences in the oil reduction between the treatments with the encapsulated cells ENC, 25.1% and with the bacterial cells in free-living form FC, 24.5% were not significant. Natural attenuation of oil shown in the PC treatment recorded 22.6% oil reduction after the 30-day incubation and was not significantly different p>0.05 with the treatment augmented with consortium in free-living form. NC treatment which accounts for the abiotic changes in the heavy oil showed a relatively unchanged concentration at 4.6% reduction.
At the end of the 60-days incubation, gravimetric determination of residual heavy oil revealed that the CP treatment showed the significantly highest p<0.05 degradation among all the treatments with 86.6% reduction Fig. 2 . Oil reduction in the ENC treatment markedly increased by the end of the 60-day experimental time with 64.9% reduction which is significantly higher than the FC 51.2% and PC 46.5% treatments. No significant differences p>0.05 were found between the total petroleum hydrocarbon TPH reductions of the FC and PC treatments but both reductions were significantly higher than the abiotic control NC, bacterial counts.
Total petroleum hydrocarbon TPH extraction
At the end of the 30-and 60-day incubation, the residual oil was extracted from each flask using the US-EPA Gravimetric Method 1999 . Briefly, a sample containing oil was collected in a clean 500-mL separatory funnel. The pH was brought down to ≤ 2 by adding 6 N HCl in order to hydrolyze oil and prevent sodium sulfate interference. Oil in the samples was exhaustively extracted twice with n-hexane. Then, the n-hexane layer was dehydrated by passage through a funnel containing anhydrous sodium sulfate and collected in a dry, preweighed receiving flask. The remaining solvent in the solution was then evaporated in a rotary evaporator and by nitrogen gas with heating at 70˚C. Finally, the flask containing the concentrated oil was cooled and dried in a desiccator and the residual oil recovered was determined gravimetrically. Reduction in oil content % was calculated as A -B / A x 100, where A is the initial weight of heavy oil and B is the weight of the residual heavy oil. Degradation of residual hydrocarbon components was analyzed by the gas chromatograph 6890N with the mass selective detector 5973 Network Agilent technologies, Palo Alto, CA, USA .
D e t e r m i n a t i o n o f b a c t e r i a l c o u n t s d u r i n g incubation
Total cultivable bacterial counts in seawater microcosms were determined by conventional plate count technique. One mL of a sample from each flask was collected at the end of 30-and 60-day incubation. The sample was serially diluted and 0.1 mL of each dilution was spread on Zobell 2216E agar. Plates were then incubated at 26˚C and bacterial counts were determined after 3-5 days of incubation.
Determination of the storage stability of the immobililized cells
The viability of immobilized consortia during storage at different temperatures was determined using the method of Gentili et al. 2006 with some modifications. The immobilized cells were stored at three different temperatures: a room temperature, b 0˚C and c -30˚C. Viable counts were determined every 30 days, by spreading 1 g of immobilized cells on Zobell agar, as previously described. For oil-degrading activities, 0.1 g of the immobilized cells was inoculated in 5 mL of seawater supplemented with 25 µL heavy oil and incubated at 26˚C in a rotary shaker with a speed of 150 rpm for seven days. The cultures showing turbidity and visible changes in crude oil compared with controls were considered positive.
augmented with the bacterial consortium either in immobilized or free-living form showed significantly higher n-alkane degradation p<0.05 compared to the control. Significantly highest degradation p<0.05 was found in flasks augmented with a carrier-attached consortium Fig. 3 , RH and CP . At the end of the 60-day incubation the highest degradation in short chain-89.94% mid-length chain-81.64% , and long chain-alkanes 63.81% was achieved in the CP treatment, but was not statistically significant compared to degradation found in the RH treatment Table 3 .
Augmentation with immobilized cells, both in encapsulated and attached forms, yielded significantly higher 19.9% .
Reduction in different hydrocarbon components
Figures 3, 4 and 5 show the reduction of n-alkanes, polycyclic aromatic hydrocarbons PAHs and alkyl PAHs, respectively, in the different treatments. Generally, more than 50% of the degradation of the hydrocarbon components was achieved in the first 30 days. All flasks Table 2 .
FIG. 1.
Scanning electron microscopic images of the biocarriers without the bacteria A, rice hull powder; C, cocopeat and with the consortium colonizing the surface of the biocarriers B, rice hull powder; D, cocopeat . and 4-methylchrysene was obtained in the CP and RH treatments Table 5 . High molecular weight alkyl PAHs such as 4,6-dimethyldibenzothiophene, 1-methylanthracene, 7,12-dimethylbenzo[a]anthracene, perylene and 7-methylbenzo[a]pyrene were not degraded in any treatment.
Changes in cultivable bacterial counts during incubation
The cultivable bacterial counts in the different treatments during the course of bioremediation are shown in Fig. 6 . Initial bacterial counts at Day 0 were high in the FC, CP and RH more than 10 8 CFU mL -1 treatments while the PC and ENC treatments started with a low cultivable bacterial count of about 10 4 and 10 6 CFU mL -1 , respectively. In the first 30 days, decline in bacterial numbers was observed in the FC treatment while almost no change in cultivable numbers was observed in the ENC, RH and CP treatments. At the end of the 60-day incubation, total cultivable bacterial counts in the treatments containing both the biocarrier-attached cells dropped from the original concentration but were still higher than in the FC and PC treatments. In PAH reduction than the FC and PC treatments Fig. 4 . The highest reduction in PAHs were found in the RH treatment achieving 74.35% reduction after 60 days but no significant difference p>0.05 was found when compared to the CP treatment 71.79% . Significantly higher reductions p<0.05 in 2-4 ring PAHs such as naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, and anthracene were obtained in the RH and CP treatments Table 4 Table 2 . Table 2 .
Bacterial cell recovery from the immobilized cells during storage at room temperature, 0˚C and -30˚C is shown in Fig. 7 . Cells immobilized on RH showed better survival when stored at lower temperatures 0˚C and -30˚C until the end of incubation. Higher cell recovery contrast, bacterial counts in the PC treatment slightly increased while a dramatic increase was observed in the ENC treatment at day 60. Table 2 . N.D., the reduction was not detected or the amounts of the PAH components were below the detection limit. Table 2 . N.D., the reduction was not detected or the amounts of the PAH components were below the detection limit.
Survival of immobilized cells under storage
RH powder as possible biocarriers was explored. These materials were selected because of their organic, nontoxic and nonpolluting nature, and their ubiquity makes the application possible in a global perspective. In addition, using CP and RH as biocarriers creates another significant purpose to utilize these waste products, thus contributing to an economically and ecologically sound remediation technology. When co-cultured with the bacterial consortium, colonization of the was observed in CP-immobilized cells stored at -30˚C during the first 90 days; however, an almost similar survival trend at the three storage temperatures was observed towards the end of experimental storage time. On the other hand, sodium alginate-encapsulated cells showed better survival when stored at room temperature compared to those stored at 0˚C and -30˚C. In the three schemes of immobilization, fairly stable viable counts of 10 5 -10 6 CFU g -1 were observed after a 6-month storage period. The stored immobilized cells, both encapsulated and carrier-attached, showed positive oil-degrading activities in all sampling periods data not shown .
DISCUSSION
The present study attempts to address the limitations of bioaugmentation by immobilizing a bacterial consortium in organic biocarriers to improve the survival of the added strains and to develop a more clear-cut application of remediation agents to oil pollutants. The main findings of this study deal with the following: 1 selection of suitable bacterial species to comprise the oil degrading-consortium as bioaugmentation agents; 2 the effectiveness of biocarriers for attachment of the formulated oil-degrading consortium; 3 the efficiency of the developed carrier-attached immobilized cells in improving the degradation of oil; and 4 the storage stability of the developed immobilized cells ready for use when sudden need arises.
In this study, the use of cocopeat CP and rice hull studied as these materials are widely used in bioreactors and as biosorbents Anirudhan et al., 2008; Chuah et al., 2005; El-Shafey, 2007; Namasivayam and Sureshkumar, 2008; Wan Ngah and Hanafiah, 2008 . This characteristic of the biocarriers increases the probability of the bacterial cells to be in contact with the hydrocarbon substrate, an important factor for efficient degradation. Furthermore, both organic carriers are known to contain high amounts of phosphorus and nitrogenous nutrients Abad et al., 2002; Abbas et al., 2012; Hernandez-Apaolaza and Guerrero, 2008 which may enhance growth of the indigenous and added oildegrading cells. When the formulated bacterial consortium was encapsulated into sodium alginate gel, there was lag in the oil degrading activity: significant reduction was only observed after 60 days. The low degradation in the first 30 days coincided with low cultivable bacterial counts while the improved reduction occurred when bacterial counts were high at day 60. The limitation of the diffusion of the hydrophobic oil into hydrophilic sodium alginate matrix may cause the delay in the degrading activities of encapsulated cells. Longer incubation periods thus proved to be beneficial to allow sufficient time for cell replication inside the sodium alginate matrix and the eventual release of the cells into the external seawater environment Cunningham et al., 2004; Qi et al., 2006 . In contrast, CP-and RH-attached consortia could readily access the hydrocarbon substrate as larger surface areas covered with the biofilm were exposed to the oil, resulting to significantly faster degradation. This finding revealed that, although sodium alginate encapsulation can be a possible route of delivery for oil-degrading cells, carrier-immobilized cells are a better alternative if immediate and fast removal of oil contaminants is desired.
In all bioaugmented treatments, degradation was greater in the aliphatic than aromatic fractions. As the most degradable hydrocarbons, straight chain alkanes from C8 to C33 were degraded in all treatments including the control which contained only indigenous o i l d e g r a d e r s . S o m e m e m b e r s o f t h e g e n e r a Pseudomonas and Marinobacter show abilities of degrading aliphatics whose chain length ranges from mid-range C12 , long C34 Chaerun et al., 2004; Karamalidis et al., 2010; Wentzel et al., 2007 to very long C36 to C40 Hasanuzzaman et al., 2007 Zhang et al., 2011 . Aromatics with two or three rings were also biodegraded in all treatments but degradation of the more resistant polycyclic aromatic hydrocarbons PAHs , such as pyrene, benzo [a] anthracene, chrysene, benzo[a]fluoranthene, benzo[k]fluoranthene, benzo [a] pyrene, albeit with low numbers of rings, were detected only in treatments with the formulated consorbacteria and formation of compact aggregates on the surface of both materials occurred. Results of the scanning electron microscopy SEM revealed that the attachment of the bacterial cells formed on the surfaces of both the CP and RH powder was sufficiently strong to withstand washings with seawater during the preparation. Monolayer cell growth forming a biofilm on the surfaces of both biocarriers was observed. This is an important finding as previous studies showed that only bacteria within 10-20 µm-thick surface layer could actually participate in the metabolic activities because of the limitations of substrate and oxygen diffusion Levinson et al., 1994; Obuekwe and Al-Muttawa, 2001 .
The results of the degradation of oil components in the in vitro seawater bioremediation tests w ere expressed as the percent reduction in oil content relative to the negative control NC which accounts for the abiotic losses. This signified that decreases in oil content in the treatments could only be attributed to either biotic degradation or removal by adsorption on biocarriers. Although the presence of autochthonous oil degraders in the seawater was confirmed in the PC treatment, bioaugmentation using both free-living and immobilized forms of the cells render improvement in oil reduction, indicating the effectiveness of the mixture of selected strains in enhancing oil degradation.
Comparing all the bioaugmented treatments, significantly higher reduction of total petroleum hydrocarbons TPH was observed in treatments augmented with the biocarrier-attached consortia Fig. 2 . Lower reduction in treatments with liquid culture was due to loss in microbial biomass and shorter survival of the cells in seawater as shown by the decreasing cultivable bacterial counts during the course of remediation Fig. 6 . On the contrary, the immobilization of the consortium on the RH powder and CP biocarriers greatly improved the survival of the added cells, thus sustaining a higher microbial population Gentili et al., 2006; Obuekwe and Al-Muttawa, 2001 . Although TPH reductions were not statistically different between RH and CP treatments during the first 30 days, longer incubation for 60 days yielded a more pronounced difference. This result is supported by higher bacterial counts and SEM images showing more cells attached to the CP than to the RH powder.
One important point that may have contributed to enhanced degradation in the treatments with carrierattached consortia in this study was the oil-adsorbing capacity of both the CP and RH powder as some particles remained suspended in the water column. Although not quantified in the present study, visual inspection suggested adherence of oil onto the surface of RH powder and CP. The liquid-adsorbing capacities of RH and coconut husks have already been extensively study is concerned, the cooperative action of this species with the other members of the consortia as well as with the indigenous population of the seawater to degrade the oil contaminant was established.
Analysis of viable counts and the oil utilization of immobilized cultures demonstrated the stability and resilience of the cells under storage for six months. The percentage recovery of cells stored at the 3 temperatures appeared fairly stable Fig. 7 in the three immobilization schemes. The actual microbial number of stored carrier-attached cells may actually be higher than the obtained bacterial counts, as strongly anchored bacterial cells are difficult to dislodge from the solid carrier matrix for bacterial count analysis Obuekwe and Al-Muttawa, 2001 . The oil-degrading activities of the cells that survived after storage showed that the immobilized cells can be stored without losing their metabolic activities. The immobilized cells can therefore be stored at ambient or low temperatures and be readily used in the sudden event of oil pollution.
The success of bioaugmentation lies in the survival and activity of the added microorganisms to a hostile environment such as marine water. The present study examined a formulated oil-degrading microbial consortium immobilized on carrier materials. The consortium was able to improve the degradation of both the aliphatic and aromatic fractions of heavy oil in in vitro seawater bioremediation. When cells were immobilized in biocarriers, significant reductions in oil concentration were observed and higher bacterial counts during incubation were obtained compared to the case of liquid culture and the control. Storage of up to six months had minimal effect on the viability and oil-degrading activities of the immobilized cells. Overall, the results of this study showed the successful use of readily available and cheap organic materials as biocarriers and the improvement of biodegradation by immobilizing the cells. Although these results may not solely predict field performance, the strategy used in this study can be very useful in developing carrier-based inoculants applicable to a wide variety of bioremediation scenarios.
t i u m a d d e d . T h e a b i l i t y o f P s e u d o m o n a s a n d
Marinobacter species to degrade a wide range of recalcitrant substrates including more complex aromatic compounds has already been well documented Karamalidis et al., 2010; Liu et al, 2010; Seo et al., 2009; Tian et al., 2008 , hence supporting these results.
In general, studies on the bacterial degradation of PAH with alkyl substitutions are relatively scarce. Alkyl PAH degradation is more difficult to achieve due to the presence of the alkyl branch that inhibits the accessibility of bacterial catabolic enzymes to the PAHs Seo et al., 2009 . In the present study, degradation of alkyl PAHs followed two general principles: 1 decreasing degradation with increasing molecule size and 2 decreasing degradation with increasing alkylation within a homologous series Budzinski et al., 1998; Jimenez et al., 2006; White et al., 2005 . When considering the degradation of compounds with the same alkylation number as in the present study, it appears that the position of methyl substitution did not affect the degradation rates. The microbial communities in the treatments, as a mixture of bacterial groups possessing different catabolic pathways, did not show selectivity based on the position of the alkyl group. Alkyl PAHs with complex molecular structures proved to be more resistant with no detected degradation at all in the different treatments Table 5 . This would suggest restrictions in the metabolic capabilities of the microbial population which may also be influenced by other factors such as the absence of other essential inorganic nutrients and the shift to degradation by-products as an alternate carbon source Bamforth and Singleton, 2005; Leahy and Colwell, 1990; Wang et al., 2011 . The other members of the consortium have no documented oil-degrading properties. Members of the genus Halomonas, however, have abilities to produce exopolysaccharides which play an important role in biosurfactant-mediated cell contact with hydrocarbons, making them an important component of most oil-degrading bacterial communities Nakamura et al., 2007; Uad et al., 2010 . Neither oil-degrading or biosurfactantproducing properties had previously been reported for the Gaetbulibacter species. In our preliminary experiment Nuñal et al., in press , although it showed weak growth in the presence of phenanthrene in the medium, it was able to utilize C14 and C24 as a carbon source and showed strong growth when heavy oil was supplemented. To our knowledge, this is the first report of the capacity of the Gaetbulibacter species to utilize hydrocarbons for growth. However, further study is required to elucidate the range of the degradable hydrocarbon substrate as well as the possible utilization of resin and asphaltene fractions of heavy oil. Insofar as the present
